Abstract. Rocks freshly cored from depth at the German continental scientific drilling site (KTB) offer an opportunity to study transport properties in relatively unaltered samples resembling material in situ. Electrical conductivity • was measured to 250 MPa pressure, and room temperature on 1 M NaCl-saturated amphibolites from 4 to 5 km depth. An unexpected feature was an increase of • with pressure P that appeared (anisotropically) in most samples. To characterize this behavior, we fitted the linear portion of logo versus P to obtain two parameters: 
Introduction
A persistent problem in interpreting geophysical electrical conductivity • has been relating it to conductivities measured in the laboratory. The most abundant crustal silicates at crustal temperatures are nearly always more insulating by orders of magnitude than are crustal conductivities from geophysical models [Kariya and Shankland, 1983 ; Olhoeft, 1981 a; Lee et al., 1983; Brace, 1971] . The common remedy has been to invoke the presence of a material of higher electrical conductivity that may not be present in samples measured in the laboratory but that are known to exist in the field. Table 1 suggests orders of magnitude for a few materials that may impart high conductivity together with minimum volume fractions required to obtain conductivities of the order As most of these quantities can vary extremely depending on geological conditions, they should be taken as guidelines. alteration as the rock was uplifted to the surface [Duba, 1992; Katsube and Mareschal, 1993] enhanced interest in the potential of carbon to influence crustal conductivity. As can be seen in Table 1 [Duba et al., 1988 ] from the north German conductivity anomaly [Losecke et al., 1979] . The latter, however, do not speak to the broader issue of conductivities of crystalline rocks. Freshly cored samples from the German continental scientific drilling site (KTB)now provide an opportunity to examine the solid conductor hypothesis [Duba et al., 1994 ] in more detail. The approach adopted here is to investigate relationships between conductivity behaviors of the rocks and to demonstrate distributions of the phases that can influence conductivity. In particular, we show that the sign (positive or negative) of the pressure change of conductivity can be used to interpret conduction mechanisms, and the slope is a diagnostic of interconnection of conducting elements. [1997] . For the purpose of comparison with rocks recovered from the core, an amphibolite (Sp769) from a surface exposure near Spessart, Germany, was also studied. All rocks measured were gneisses or amphibolites having initial porosity less than one volume percent. Measurements were made at a nominal room temperature of 25øC on rocks that had been evacuated and then backsaturated with 1 M NaC1 solution following the method described by Llera et al. [1990] . The 1 M NaC1 solution was chosen to approximate the electrical conductivity of fluids encountered in the borehole. Conductivity was calculated from resistance measured with an accuracy of 1% as described in detail by Nover et al. [1995] . experimental assembly and a schematic of the apparatus used. Because fluid squeezed from the rock by confining pressure could be absorbed into the porous electrodes, the sample was measured in the "drained" condition of constant pore pressure El atm.
Experimental Methods
The distribution of carbonaceous materials in rocks on the scale of a thin section was determined with the electron microprobe by rastering the electron beam over the analytical surface and simultaneously monitoring carbon X ray intensity. The latter was monitored by crystal spectrometer fitted with a
Ovonyx Ni-C (OV95) multilayer diffracting crystal. A 100-Athick layer of silver was used as the conductive coat. The procedure is described in detail by Mathez et al. [1995] . As emphasized in that work, the electron probe provides a bulk analysis in that the X ray signal emerges from a region a micron or so deep, whereas electron spectroscopies, which have also been brought to bear on the study of carbon in rocks [Mathez, 1987 Thin slabs of rock were flattened on SiC paper and ultrasonically cleaned, the analytical face was polished with alumina/water slurties, and the slabs were mounted on glass slides with conductive carbon tape. The rock slabs were several millimeters thick, eliminating any possibility of contamination by the adhesive. Particulate contamination from the preparation materials or other sources was seldom observed but could easily be identified as isolated spots and imaged by secondary or backscattered electrons. The electron and X ray optics of the electron probe dictated that only small areas could be examined in a single-raster image. Consequently, numerous images of regions -200 pm across were collected for this study. The distribution of accessory minerals, in particular Fe-Ti oxides and sulfides, was examined in detail in all the samples at the thin section to micron scales by backscattered electron (BSE) imaging with a scanning electron microscope.
Results

Petrography
The BSE image of Figure 2 shows features relevant to understanding electrical properties of this suite of samples. First, the quartz (black) and garnet (light gray) are insulators at both the temperature of these experiments and at in situ conditions at the KTB. Second, the ilmenite (along with trace amounts of sphenes and sulfides, all of which appear white) is relatively abundant in the photomicrograph, which is of an oxide-rich layer in. a sample having a well-developed fabric.
However, the ilmenite does not make an interconnected network more than several hundred microns in length on the two-dimensional analytical surface, and neither the texture nor ilmenite abundance suggest that a significantly larger We have insufficient information on sample porosity, other than that it is less than 1%, to relate it to conductivity. However, permeability k, which is also a transport property directly comparable with conductivity because it also requires interconnected porosity, is probably a better measure of through-going fluid pathways. depending on assumptions of pore shape and configuration [David, 1993] , with typical values in the range 1/3 to 1 [Walsh and Brace, 1984] . We would expect that fluid-phase conduction in rocks in situ should be less than in laboratory samples because compression in the laboratory does not exactly reverse the previous expansion due to decompression and anisotropic contraction due to cooling during core extraction. Therefore the rocks should have had lower porosity at depth than in the laboratory and less of a fluid component of conductivity. Correspondingly, the necessarily imperfect reconnection of solid phases in the laboratory would mean that this precisely reverse changes caused by core extraction. However, the advantage of using KTB samples is that core extraction should be less disturbing of carbon texture in the rock fabric than would be the exposure process at geological rates.
Contributions From Oxides and Sulfides
Highly conducting Fe-Ti oxides, principally ilmenite plus trace quantities of sulfide, are present in most of these rocks in significant volume fractions of 0.01-0.08, but their texture imposes difficult requirements for interconnection. When a mesh of conducting elements is used to model conducting elements, the shape of the elements is important. For example, to achieve a Pc of 0.25, which is the minimum value for interconnection in a roughly cubic, three-dimensional network, more than 25% of quasi-planar carbon films as conducting elements must make contact, but the volume fraction of carbon can still be low. However, when the conducting elements are roughly spheres or euhedral crystals, then a volume fraction greater than 25% is necessary to form an 
Contributions From Fluids
An alternative interpretation is that the increase in conductivity with pressure is due to redistribution of fluidfilled cracks into a phase of better interconnection [Rauen et al., 1994] . The pressure-induced phase would presumably more closely resemble that of films, that is, flatter cracks of lower total porosity. However, application of hydrostatic (as opposed to uniaxial) pressure acts to close cracks, and flatter cracks are the first to close on application of confining pressure [Walsh, 1965' Walsh and Grosenbaugh, 1979] .
It is possible to consider other fluid-based causes for a positive pressure shift. For instance, in the unlikely event of only partial saturation in some samples and perhaps poor wetting by the fluid, then pressure might force improved interconnection leading to a positive pressure shift. However, in this case we might expect an initial positive offset Ac• i = c•(0.1) -C5o (defined in Figure 5) , but this should then be followed by a turnover to negative slope as porosity decreases at higher confining pressures. Yet the higher pressure slopes defined in Figure 5 are the ones that are plotted and decrease with fluid contribution at higher permeabilities (Figure 9 ). Another argument against this hypothesis is that permeability in the KTB samples decreases monotonically with pressure in all cases [Nover et al., 1995] . A simpler explanation for the positive offsets might be that ilmenite is involved and makes its own better contacts through initial bridging with water and carbon such that it affects conductivity most strongly at the lowest pressures. Also, many other rocks [e.g., Brace e t al., 1965' Brace and Orange, 1968] were of similar low (less than 1%) porosity and as difficult to saturate, so effects of reconnecting imperfectly saturated porosity are not anticipated. If it were possible to repeat these experiments when the carbon films weathered away after several years, loss of the positive pressure shift would be consistent with the carbon conductor hypothesis.
Finally, the process of core extraction should introduce porosity through decompression and cooling and cause breaking of solid phase interconnections. It is probably not possible to apply confining pressure in the laboratory to reverse this process that also breaks solid interconnections. However, such changes have the effect of enhancing fluid contributions over those of solid conductors in laboratory conditions. Hence the principal conclusion that a positive pressure shift of conductivity is an indicator of the solid reconnection is strengthened by the present observations. We checked for other relationships. No discernible correlations were found between slopes, intercepts, mineralogy, and quantities such as depth of origin of each core.
Conclusions
Measurements on KTB samples have afforded a rare opportunity to look into the midcrust under conditions much closer to those ordinarily available in the laboratory. They have made possible the observation of a previously rare positive pressure effect on electrical conductivity for which the simplest explanation is interconnected solid phase conducting elements. In the KTB rocks it appears to be the presence of carbon on the planar cleavage surfaces in one of the rock-forming minerals (amphibole) assisted by a good conductor (ilmenite) and some fluids that yield high conductivity. This work shows that the relatively high midcrustal conductivity seen in the Bohemian Massif can be dominated by solid conductors to yield conductivities of 1 order 10 '2 S m-as described by Haak et al. [1991] . If we also consider the general question of how much mid to lower crustal conductivity can be attributed to solid phases, we must ask how representative this region is of "typical" crust. Is the solid phase inferred for these rocks likely to be a widespread phenomenon or in comparison with free fluid phases [Hyndman et al., 1993] ? Carbon films on microfracture surfaces have been observed in a variety of rocks and may be common. Yet it remains to be demonstrated that carbon or oxides are everywhere present in continental crust.
